Highly purified Sendai virus contained a protein kinase activity which catalysed the phosphorylation of endogenous polypeptides or exogenous protamine sulphate. The virus contained very low levels of phosphoprotein phosphatase activity. Polyacrylamide gel analysis of the reaction product indicated that the phosphorylation was specific for certain polypeptides and varied according to whether the virus was grown in eggs or in tissue culture. This variation was partially associated with the difference in the polypeptide pattern that occurred when the virus was grown in eggs or in tissue culture. Characterization of these phosphoproteins demonstrated that the phosphate wasincorporated predominantly in a phosphoester linkage with threonine residues. Using a detergent and high salt solubilization procedure, the protein kinase activity was found associated within glycoprotein free virus particles but not with the nucleocapsid-associated polypeptides. In vivo phosphorylation occurred when Sendai virus was grown in eggs or in tissue culture with [~2p] and the phosphorylated polypeptides were similar to those of the protein kinase reaction product. Phosphorylation could also be detected in the infected cell and could occur once the virus particle polypeptides were being synthesized. The non-structural polypeptides were not phosphorylated.
INTRODUCTION
Protein kinases are widely distributed in nature. The enzymes transfer the y-phosphoryl group of ATP to O-seryl and O-threonyl linkages in proteins. They have been implicated in the control of several metabolic pathways involving cyclic AMP (cAMP) (Krebs, I972) . The best characterized process is the degradation of glycogen to glucose, catalysed by phosphorytase; two protein kinases act in a cascade reaction that depends on Ca 2+ ions and cAMP (Hale, I967).
Protein kinase activity has been detected in a number of enveloped viruses (Strand & August, I97I; Gravell & Cromeans, 1972, Hatanaka, Twiddy & Gilden, I972; Randall et al. I972 , Rubenstein, Gravell & Darlington, i972; Tan & Sokol, I972; Silberstein & August, I973) . Among the negative strand RNA viruses, protein kinases have been reported for vesicular stomatitis virus (Sokol & Clark, 1973; Imblum & Wagner, I974) , rabies virus (Sokol & Clark, 1974) and Sendai virus (Roux & Kolakofsky, I974) . Unlike cell protein kinases, the virus particle-associated enzymes do not require cAMP (Krebs I972) .
This paper presents the characteristics of Sendal virus protein kinase, and extends the observations of Roux & Kolakofsky (I974) . Slab gels were prepared between two glass plates, separated by 2 mm spacers and electrophoresed in an apparatus supplied by Raven Scientific Ltd., Haverhill, Suffolk, England. Ten ~ acrylamide gels were used throughout and the 3"z ~ stacking gel was modified to contain 5 ~ (v/v) glycerol. Templates were used to provide nine slots per slab gel. Samples were prepared in 0"o625 M-tris-hydrochloride, pH 7"2, and 2o ~ (v/v) glycerol. Prior to analysis, SDS, DTT and bromophenol blue were added to the samples to final concentrations of z ~, 2 ~ and o-oo5 ~ respectively. The slab gels were electrophoresed for I6 h at a constant voltage of 4 ° V. After electrophoresis the gels were soaked in 5o TCA for 5 h and then immersed in a solution containing 5 o ~ TCA and o'I ~ Coomassie brilliant blue for I h at 37 °C. Gels were destained in 7 ~ glacial acetic acid at 65 °C. The gels were dried under vacuum on to Whatman 3M chromatography paper and autoradiographed with Kodak AP 54 X-ray film. Exposure times varied from I h to 24 h. Films were processed in a Kodak 8 rain X-omat.
Acid hydrolysis of phosphorylated product of Sendai virus. A tenfold reaction mixture was incubated for 3o min and prepared as for electrophoresis on polyacrylamide gels. The sample was then suspended in o'5 ml of 6 N-HC1 in a thick-walled glass ampoule which was then evacuated and sealed. The contents were then heated at IiO °C for I h. The HC1 was removed in vacuo, the residue suspended in H20 and again dried in vacuo. The sample was suspended in 25/zl of electrophoresis buffer consisting of 1"5 ~ (w]v) formic acid and 7"8 ~ (w/v) acetic acid, pH 1"9; 2oo nmol of unlabelled phosphoserine and phosphothreonine was also dissolved in separate 25 #1 samples of electrophoresis buffer. All samples were analysed by electrophoresis for 3 h at 320 V on a thin-layer plate of cellulose. The unlabelled markers were detected by spraying with ninhydrin and their positions marked. The plate was then autoradiographed for I h using Kodak AP54 X-ray film and processed in a Kodak 8 rain X-omat.
Phosphoprotein phosphatase activity. Phosphorylated Sendai virus was obtained using 38o #g of protein in a 3o-fold protein kinase assay. The reaction was terminated by adding unlabelled ATP to a final concentration of zo mM and chilling the sample on ice. The virus was purified to remove soluble radioactivity as described by Silberstein & August (1973) .
Phosphoprotein phosphatase activity was measured by two methods in reaction mixtures containing a total vol. of I. 
RESULTS

Properties of the protein kinase of Sendal virus
Protein kinase activity could be detected in detergent disrupted preparations of purified Sendai virus. A preparation of egg-grown virus was purified by rate zonal and isopycnic sedimentation, followed by a second cycle of rate zonal sedimentation. The distribution of protein kinase activity coincides with that of the major haemagglutinating component in the final gradient (Fig. I) . The small amount of HA at the top of the gradient (probably derived from disrupted particles) did not contain enzyme activity. In these experiments, it has been found that low concentrations (o.oz ~) of NP4o are essential for phosphorylation of endogenous proteins. Higher concentrations of NP4o (o-I ~) slightly increased the incorporation of TCA insoluble counts. In the absence of NP4o, virtually no activity could be detected (Table 0 . These results differ from those of Roux & Kolakofsky 0974), who reported that detergent is not required for the detection of protein kinase activity. The kinetics of the protein kinase reaction are shown in Fig. 2 . At the lowest virus protein concentration, the kinetics were linear for at least I h. At higher protein concentrations ( x 4 and x I2"5), the reactions were linear for shorter times, although activity could be re-stimulated A typical reaction mixture incorporated 41o pmoles/mg protein/h. Duplicate reaction mixtures (o.2 ml) with omissions or additions indicated, were incubated for 3o rain at 3z °C. Acid-insoluble radioactivity was determined as described in Methods. The phosphorylation reaction of Sendai virus associated protein kinase had similar requirements to that of frog virus 3 (Silberstein & August, I973). The effect of temperature on the protein kinase activity of Sendai virus is shown in Fig. 3 (a) , while the effect of pH is shown in Fig. 3(b) . The temperature optimum of the reaction was 32 °C, and declined rapidly above 37 °C; there was little activity at o °C. The kinase shows a broad range ofpH specificity with considerable activity both at pH 6. 5 and pH 9"5. The pH optimum of the reaction was 8"5. Further requirements of the Sendai protein kinase are summarized in Table 1 . Enzyme activity was totally dependent on magnesium ions with an optimum at ao mM; higher concentrations were slightly inhibitory. Manganese could not replace magnesium. The addition of calcium ions alone or together with 5 nmol cAMP inhibited the virus particle-associated enzyme. The reaction was unaffected by ribonucleases A and T1 at aoo #g/ml and 50 units/ml respectively, a concentration of nucleases that digested 30/tg of ribosomal RNA in less than 3 min. Pronase completely destroyed the protein kinase activity, as did boiling the virus preparation for 5 min before the assay. While histone fraction 3 did not stimulate the reaction, protamine sulphate considerably enhanced the activity, presumably acting as an exogenous substrate. In this last respect, the Sendai protein kinase differs from that of frog virus 3.
Product of the protein kinase reaction The endogenous phosphate acceptor molecules of Sendai virus were analysed by trisglycine buffered SDS-polyacrylamide gel electrophoresis. A Io-fold reaction mixture incubated for 30 min, was precipitated with TCA and run on IO ~ slab gels. After electrophoresis the gel was stained with Coomassie brilliant blue, dried and autoradiographed.
As described previously (Lamb & Mahy, 1974) , Sendal virus grown in eggs has a glycoprotein pattern different from that grown in tissue culture. Egg grown virus contains a polypeptide 6 (mol. wt. 47 ooo) and no polypeptide 3 (tool. wt. 74ooo), whereas tissue culture grown virus contains polypeptide 3 and small amounts of polypetide 6. It can be shown that polypeptide 3 can be converted to polypeptide 6 by mild trypsin treatment ( wt. I, 4 and 8 polypeptides were phosphorylated and at o.z ~ NP4o, polypeptide 2 was also slightly phosphorylated ( Fig. 5 ). Higher concentrations of detergent did not necessarily render more polypeptides phosphorylated as, although it may reveal more active sites to the enzyme, others may also be destroyed.
Identification of covalent linkage
With vaccinia virus particle phosphoprotein (Rosemond & Moss I973) and frog virus 3 (Silberstein & August, T973) chemical characterization of the linkage between phosphate and protein indicated that the phosphate was incorporated as a phosphomonoester of serine. Analysis of the Sendal product by thin-layer electrophoresis after partial acid hydrolysis suggests that phosphothreonine was the predominantly phosphorylated amino acid (Fig. 6) . Some [3~p] was found after the acid hydrolysis which could be accounted for by the breakdown of phosphoserine or phosphothreonine in the presence of 6 N-HC1. No phosphoserine could be detected on the thin-layer chromatogram; radioactivity was associated with additional compounds which are phosphopeptides yielded from the partial acid hydrolysis of the virus particle proteins (Silberstein & August, I973). The slight curvature of the individual spots from the origin is due to inefficient cooling of the thin-layer plate. In vivo phosphorylation When virus was grown in eggs previously inoculated with [32p], purified, and run on SDS polyacrylamide gels, it was found that the high mol. wt. I, 2, 4 and 8 polypeptides were phosphorylated (Fig. 7a) . Sendai virus grown in CEL cells with [32p] produced an identical result (Fig. 7b ). These observations are in contrast to the products of an in vitro protein kinase reaction where polypeptide 2 could only be phosphorylated with CEL grown virus at high detergent concentrations.
It was of interest to determine whether phosphorylation occurred at a specific time in the infected cell, e.g. at assembly, or whether it occurred once the specific polypeptide had been synthesized. Infected cultures were labelled for 2 or 4 h periods with [32p] at various times from IO h post-infection (p.i.) onwards. Analysis of the polypeptides of infected cells by polyacrylamide gel electrophoresis indicated that phosphorylation could occur once synthesis of the virus particle polypeptides began and that the high mol. wt. I, 2, 4 and 8 polypeptides were phosphorylated. None of the non-structural polypeptides (Lamb & Mahy, I974) seemed to be phosphorylated (Fig. 8) .
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Phosphate
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Phosphothreonine Fig. 6 . Identification of phosphothreonine from the phosphorylated product of Sendai virus by thin layer electrophoresis.
Phosphoprotein phosphatase in Sendai virus
It was surprising to find that virus that was phosphorylated in vivo could be further phosphorylated in vitro. It is possible that turnover of the phosphate occurs through the co-ordinated action of a protein kinase and a phosphoprotein phosphatase. liberation of acid soluble phosphate was observed ( Fig. 9 ) .Under the protein kinase assay conditions used here there was little turnover of phosphoesters and there must be vacant sites for attachment of phosphate in the virus particle.
Fractionation of Sendai virus
The glycoproteins of SV5 (Scheid et al. I972), NDV (Scheid & Choppin, ~973) and Sendai virus (Lamb & Mahy, I974; Scheid & Choppin, 1974) can be removed from the virus particle with 2 ~ Triton X-Ioo. The smallest mol. wt. virus particle polypeptide was removed from 69o/zg of purified Sendai virus was fractionated as described by Scheid & Choppin (1972) ; either 2 ml 2 ~o Triton X-too or z ml 2 ~ Triton Xqoo+ I M-KCI were used as solubilizers. Pellets were resuspended in the original volume of o.oi M-sodium phosphate buffer pH 7"2. All samples were dialysed against o.oi Msodium phosphate buffer pH 7"2, and contained 2 70 Triton X-1oo. Fifty #1 samples were taken for protein kinase assay and incubated for 3o rain at 3z °C. Acid-insoluble radioactivity was determined as described in Methods. Protein kinase of Sendal virus 261 these viruses with the glycoproteins using 2 ~ Triton and I M-KC1. This polypeptide can be isolated from the supernatant fluid as a precipitate after dialysis and it has been suggested that it is the matrix protein (Scheid & Choppin, I973). This fractionation procedure was applied to egg grown Sendal virus and the fractions obtained were assayed for protein kinase activity. It was found that 2 ~o Triton and IM-KC1 considerably reduced the activity of the protein kinase, so all fractions were dialysed to remove KC1 and 2 ~ Triton was added back to the pellets obtained. It was found that r sodium deoxycholate inhibited the reaction to the extent that the nucleocapsids obtained (Mountcastle, Compans & Choppin, I97I) could not be tested. The results shown inTable 2 suggest that much of the protein kinase activity remains in the core after removal of the glycoproteins from the virus particle with 2 ~ Triton, but that some activity is liberated into the supernatant fluid. Removal of glycoproteins and matrix protein with 2 ~ Triton and I M-KC1 liberated 85 ~ of the total kinase activity. When the matrix protein was recovered as a precipitate after dialysis, it showed little activity as did the 'core' particles. It appears that the protein kinase activity was inside the virus particle but was not associated with the nucleocapsid complex. When the 2 ~ Triton + I M-KC1 supernatant fluid from this procedure was run on polyacrylamide gels only the two glycoproteins and the matrix protein could be detected (Lamb & Mahy, I974) . This suggests that the protein kinase activity must be present in very small amounts. Similar findings were observed with vesicular stomatitis virus (VSV) (Imblum & Wagner, I974) .
IP
DISCUSSION
Sendal virus grown in a variety of cell types contained protein kinase activity that could transfer the Y. P of ATP to virus particle polypeptides and protamine sulphate. This enzyme differs from the well-documented Ca2+-dependent protein kinases or cAMP dependent protein kinases found in a wide variety of cells. The reaction required NP4o to disrupt virus; the low level of activity found in the absence of NP4o was probably due to disrupted virus particles. Phosphoprotein phosphatase activity could not be detected under conditions where the protein kinase was active. The protein kinase must therefore be phosphorylating de novo. The extent ofphosphorylation of the in vitro product depended both on the concentration of NP4o used to disrupt the virus, and on the type of cell in which the virus was grown. However, in all cases the high mol. wt. I, 4 and 8 polypeptides were phosphorylated. When the virus was labelled with [32p] in eggs or CEL cells, phosphorylation of identical polypeptides occurred; namely the high mol. wt. I, 2, 4 and 8 polypepfides. Labelling infected cells with [3~p], at times after the virus particle polypeptides could be shown to be present (Lamb & Mahy, I974) , suggested that phosphorylation could occur at any time. Examination of the nature of the linkage of phosphorus to the polypeptides using partial acid hydrolysis and thin-layer chromatography indicated that phosphothreonine was the principal product of the reaction. In this respect, the protein kinase activity of Sendal virus differs from the phosphorylating enzymes found in other enveloped viruses.
The polypeptide composition of the protein kinase in Sendal virus still remains to be elucidated. The 2 ~o Triton+ I M-KC1 fractionation procedure suggests that the enzyme is associated within the matrix protein, but not with the nucleocapsid complex. However, a structural polypeptide cannot be assigned to the kinase activity and it must be present in very small amounts. It is possible that the protein kinase is of cellular origin and that it becomes packaged into the virus. Data to support this hypothesis have been presented for the protein kinase activity of VSV (Imblum & Wagner I974) .
I7
VlR 26 The biological role of the protein kinase remains unknown. Sendai virus grown in eggs was fully infectious for eggs, and some of its polypeptides were phosphorylated. In an in vitro reaction predominantly the same polypeptides were further phosphorylated indicating that some sites remained unphosphorylated in vivo. This may suggest that if phosphorylation is essential to the replication of Sendal virus, its role could be to regulate the uncoating of parental virus particles in the host cell, or the transcription of the virus genome by the virus particle polymerase rather than in the facilitation of polypeptide recognition in the process of virus assembly. It was observed that polypeptides I and 4 were more heavily phosphorylated than any others and that these polypeptides have been associated with the virus particle transcriptase activity (Marx, Portner & Kingsbury, T974) . Several models for the control of transcription of virus particle RNA based on the phosphorylation and dephosphorylation of virus core proteins have been proposed (Sokol & Clark, ~973). It would be of great interest to be able to dephosphorylate virus particles prior to using them for the infection of cells and then to monitor the phosphorylation and primary transcription processes. 
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